Activated macrophages take up 18 F-FDG via glucose transporters, so this compound is useful for atherosclerosis imaging by PET. However, 18 F-FDG application is limited for imaging of the heart and brain, in which glucose uptake is high, and in patients with aberrant glucose metabolism. The aims of this study were to confirm that mannosylated human serum albumin (MSA) specifically binds to the mannose receptor (MR) on macrophages and to test the feasibility of 68 Ga-labeled NOTA-MSA for PET imaging of atherosclerotic plaques. Methods: The peritoneal macrophages of C57/B6 mice were collected, incubated with rhodamine B isothiocyanate-MSA (10 μg/mL), and evaluated by confocal microscopy and flow cytometry. The same evaluations were performed after preincubation of the macrophages with anti-CD206 MR blocking antibodies. NOTA-MSA was synthesized by conjugating 2-(p-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid to MSA, followed by labeling with 68 Ga. Rabbits with atherosclerotic aorta induced by a 3-mo cholesterol diet and chronic inflammation underwent consecutive PET/CT with 18 F-FDG and 68 Ga-NOTA-MSA at 2-d intervals. Results: The binding of MSA to MR and its dose-dependent reduction by preincubation with anti-CD206 MR blocking antibody were confirmed. Rhodamine B isothiocyanate and fluorescein isothiocyanate fluorescence colocalized at the atherosclerotic plaque. The 68 Ga-NOTA-MSA SUVs of the atherosclerotic aorta were significantly higher than those of the healthy arteries and inferior vena cava and were comparable to those obtained with 18 F-FDG. Conclusion: These findings suggest that MR-specific 68 Ga-NOTA-MSA is effective for detecting atherosclerosis in the aorta and is a promising radiopharmaceutical for imaging atherosclerosis because of the presence of M2 macrophages in atherosclerotic plaques.
At herosclerosis is the most common underlying pathology in ischemic cardiovascular disease, and its prevalence increases with age, regardless of the presence of risk factors. Although the exact etiology of atherosclerosis is still not known, the characteristic chronic inflammation associated with lipid retention distinguishes it from other inflammatory diseases (1) . The inflammatory cells in atherosclerotic lesions are mainly macrophages and T-lymphocytes (1) . These macrophages become foam cells through the ingestion of cholesterol in the atherosclerotic plaques.
Despite intensive research efforts in the field of PET, few specific atherosclerosis-targeting agents labeled with positron emitters are available in clinical research. A major advancement in the molecular imaging of atherosclerosis was the development of 18 F-FDG, and this metabolic PET reporter agent has been applied to the noninvasive imaging of macrophages in atherosclerotic arteries (2) (3) (4) (5) . However, the coronary and cerebral arterial segments cannot be evaluated with this method because of the high levels of glucose uptake in the heart (6) and brain (7) , and the procedure is also expected to have some limitations in patients with aberrant glucose metabolism (8) .
A recent study described PET imaging of atherosclerotic lesions using 2-deoxy-2-18 F-fluoro-D-mannose ( 18 F-FDM) (9) . This technique is based on the uptake of mannose by activated macrophages through glucose transporters (GLUTs) (10, 11) and the ability of mannose to bind to the mannose receptors (MRs) of macrophages (9) . Therefore, because 18 F-FDM also targets the MRs on the surface of macrophages, 18 F-FDM uptake might be more specific for atherosclerotic plaques than 18 F-FDG.
Neomannosylated human serum albumin (MSA) was developed initially for lymphoscintigraphy and imaging of the sentinel lymph nodes (12, 13) based on the binding of the terminal mannose residues of MSA to the specific MRs of the lymph nodes. When intravenously injected into rats, mannosylated bovine serum albumin rapidly binds to the Kupffer and endothelial cells in the liver because of the presence of MRs on these cells (14, 15) . MSA is synthesized by conjugating a-D-mannopyranosylphenyl isothiocyanate (SCN-mannose) with human serum albumin. It was reported that 2-(p-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (SCN-NOTA) is an excellent bifunctional chelating agent for labeling biomolecules with 68 Ga (16) . Recently, we synthesized 68 Ga-labeled MSA with SCN-NOTA for use as a PET probe (17) .
Because atherosclerotic lesions contain macrophages that extensively express MRs (18) and NOTA-MSA is not taken up by GLUTs, we postulated that 68 Ga-NOTA-MSA would be a novel specific agent for the noninvasive molecular imaging of atherosclerotic lesions by PET. The purpose of this study was to confirm that MSA specifically binds to the MR on macrophages and to evaluate the feasibility of 68 Ga-NOTA-MSA compared with that of 18 F-FDG for the assessment of advanced atherosclerotic plaques. We used rabbits fed a cholesterol diet and injected with subcutaneous carrageenan to induce systemic inflammation as a model system.
MATERIALS AND METHODS
Preparation of MSA and Rhodamine B (RITC)-Labeled MSA and 68 Ga-NOTA-MSA Kit
Methods previously described in the literature were used to synthesize MSA from human serum albumin (13, 19) , RITC-MSA (15) , and NOTA-MSA for 68 Ga labeling (17) . The labeling efficiency and radiochemical purity determined by instant thin-layer chromatography silica gel were always greater than 98%.
Animal Preparation
Twelve 12-wk-old male New Zealand White rabbits were maintained under standardized conditions (21°C and 41%-62% humidity) with a regular day-night (10-14 h) cycle and free access to water and a laboratory diet. All animal experiments were performed in compliance with the Korea University Animal Science Rules and Regulations and were approved by the Korea University Institutional Animal Care and Use Committee (KUIACUC20110627-1) and the Institutional Animal Care and Use Committee of the Ewha Womans University School of Medicine (ESM-12-0198). The Committee of Animal Experimentation of the Korea University determined that the experimental procedures and housing conditions were compliant with the National Institutes of Health use of laboratory animals or equivalent. The animals were randomly assigned to 1 of 2 groups. The animals in group I (n 5 6) received a standard chow diet (K-H4 pellets; Ssniff). The animals in group II (n 5 6) received the same diet as the animals in group I, supplemented with 1.0% (w/w) cholesterol in addition to injections of 0.5 mL of 1% carrageenan subcutaneously every 3 wk to induce systemic inflammation to generate advanced atherosclerotic lesions (20) . After 3 mo of treatment, the animals underwent consecutive PET/CT with 18 F-FDG and 68 Ga-NOTA-MSA at 2-d intervals.
Immunohistochemistry
The mouse monoclonal antirabbit macrophage antibody RAM11 was purchased from Dako/Agilent Technologies (DK-2600). The immunohistochemistry reagents were purchased from Vector Laboratories. The deparaffinized and hydrated slides with xylene and ethanol were reacted with 3% H 2 O 2 solution for 10 min, washed, and blocked with normal serum solution for 1 h. The slides were then treated with the primary antibody for 1 h, followed by washing with tris-buffered saline containing 0.05% polysorbate-20. The slides were incubated with secondary antibody for 30 min, washed with tris-buffered saline containing 0.05% polysorbate-20, and treated with the premixed VECTASTATIN ABC (Vector Labs) reagent solution for 30 min. After being washed and counterstained, the slides were washed with tap water, air-dried, and mounted.
Ex Vivo Study of MSA Binding to MRs of Mouse Macrophages
The antibodies against MR (CD206) and isotype control IgG were purchased from Bio-Rad Laboratories, Inc. The peritoneal macrophages of the C57BL/6 mice (n 5 6) were collected by peritoneal lavage 4 d after intraperitoneal injection of 4% thioglycolate (1 mL). The mice were euthanized before the macrophages were collected. The cells were cultured in RPMI containing 10% fetal bovine serum. The medium was replaced with serum-free RPMI for the MSA treatment. For the ex vivo study, the macrophages were plated on a coverslip and were incubated with 2 mg/mL or 10 mg/mL of the MR-blocking antibody or 10 mg/mL control immunoglobulin for 90 min at 37°C. The samples were then incubated for 10 min with RITC-MSA (10 mg/mL) and were evaluated using confocal microscopy and flow cytometry.
Examination of Atherosclerotic Lesions in Aorta by Fluorescent Microscopy and Confirmation of Presence of MSA in Lesions
The fluorescent dye, either RITC-MSA (42 mg/0.1 mL) or fluorescein isothiocyanate (FITC), was mixed with saline and injected into the rabbit's ear through a vein. These rabbits were sacrificed 10 min thereafter, and the aortas were removed and frozen at 220°C. The dissected aortas were thawed, fixed in 4% (v/v) buffered formalin solution for 30 min, and washed with cold phosphate-buffered saline (pH 7.4). Subsequently, the samples were embedded in optimumcutting-temperature compound (OCT Compound; Sakura); after incubation, the samples were stored at 280°C for a day to allow dye penetration into the tissues. Sections of 10-mm thickness were cut, placed on poly-D-lysine coated slides, dried at 45°C, and stored at room temperature (protected from light) until use. The tissues were washed twice with phosphate-buffered saline (pH 7.4) to remove the embedding compound and mounted with Fluoromount-G medium (Southern Biotech). The nuclei were labeled with DAPI (4w,6-diaminidino-2-phenylindole; Roche). All stained samples were photographed under a Zeiss microscope equipped with a differential interference contrast cooled camera. The fluorescence images were observed using the IX81-ZDC focus drift compensating microscope (Olympus) with respective excitation and emission wavelengths of 405 and 463 nm for DAPI, 545 and 595 nm for RITC, and 480 and 520 nm for FITC. Fluorescence overlay images were obtained using the Image J program available from the National Institutes of Health.
F-FDG and 68 Ga-NOTA-MSA PET/CT Imaging
The PET/CT procedures were performed using the Gemini TF 16-slice PET/CT scanner (Philips). The TF scanner is a new highperformance, time-of-flight-capable, fully 3-dimensional PET scanner that uses lutetium-yttrium oxyorthosilicate crystals (21) . The animals were fasted for at least 12 h before the intravenous injection of 18 F-FDG (37.0 MBq/kg) as the positive control probe. The animals were placed in a quiet room for 60 min after anesthesia, and the PET/CT images were obtained thereafter. Two days later, 1 of the hypercholesterolemic rabbits was subjected to 68 Ga-NOTA-MSA PET for serial imaging of the atherosclerotic lesions to validate the persistence of the radiopharmaceutical in the atherosclerotic lesions and to determine the clinically relevant duration of atherosclerotic PET imaging, considering the short half-life of 68 Ga. After intravenous injection of 68 Ga-NOTA-MSA (12.3 MBq/kg), whole-body PET images were acquired (1 min per bed position) at 10, 30, 60, and 120 min after probe injection. After comparison of the serial PET images, the PET images were acquired at 30 min after injection of 68 Ga-NOTA-MSA in the other animals.
PET Image Analysis
The PET/CT data acquired in 3 orthogonal planes were displayed on a dedicated workstation (Extended Brilliance Workspace, version 3.5; Philips). The same nuclear medicine physician identified the region of interest on the aortic wall, with its center at the point of local maximum 18 F-FDG and 68 Ga-NOTA-MSA uptake, throughout the entire study. The maximal SUVs were measured on contiguous axial slices of the thoracic and abdominal aorta, and the mean SUVs of the other organs including the brain, heart, inferior vena cava, liver, spleen, and bone marrow were measured. The SUV is defined as the tissue radioactivity concentration divided by the total injected radioactive substance concentration per body weight. The intra-and interobserver correlation coefficient values of the SUV mean measurements were greater than 0.9.
Statistics
The serum cholesterol level was compared between the control and atherosclerosis groups using the Mann-Whitney U test. The Wilcoxon signed-rank test was used to compare the variables of the 18 F-FDG and 68 Ga-NOTA-MSA PET/CT findings in the atherosclerosis group. The data were analyzed using SPSS for Windows (version 20.0; SPSS). All statistical results were based on 2-sided tests. A probability value of less than 0.05 was considered statistically significant.
RESULTS

Specific Binding of MSA-RITC to MR on Macrophages Ex Vivo
The binding of MSA-RITC to the specific MRs of the mouse peritoneal macrophages was visualized, and the binding was blocked by preincubation of the macrophages with an MR-blocking antibody (Fig. 1) . The flow cytometry findings revealed that the binding of MSA to the MRs decreased in a dose-dependent manner when the macrophages were treated with anti-CD206 MRblocking antibodies (Supplemental Fig. 1 ; supplemental materials are available at http://jnm.snmjournals.org).
Serum Cholesterol Level Evaluation, Fluorescent Microscopic Examination of Atherosclerotic Aortic Lesions, and Confirmation of Localization of MSA in Atherosclerotic Lesions
The mean serum cholesterol level was 49.01 6 13.78 mmol/L in the atherosclerotic animals (group II) and 0.96 6 0.31 mmol/L in the control rabbits (group I; P , 0.001). In the atherosclerotic aortic lesions ( Figs. 2A and 2B; Supplemental Fig. 2 ), patchy and scattered fluorescent red spots were observed after incubation with RITC-MSA (Fig. 2C) ; however, the fluorescence on the atherosclerotic plaques with a simple fluorochrome such as FITC was faint (Fig. 2D) , indicating that RITC-MSA bound specifically to the MRs (Fig. 2E) . The fluorescence on the medial walls of the atherosclerotic (Fig. 2 ) and healthy aortas (Supplemental Fig. 3 ) was considered to be due to autofluorescence of the collagen and elastin content in the arterial walls (22) .
Findings from 18 F-FDG and 68 Ga-NOTA-MSA PET Imaging Studies
The persistence of the SUV of the radiotracers was confirmed by the visualization of the atherosclerotic aorta at all time points, and no significant differences were found in the persistence between the 10-and 60-min postinjection images of the atherosclerotic aorta (Fig. 3) . Therefore, we decided to acquire the PET images 30 min after the injection of the radiotracers in the animals. The 18 F-FDG and 68 Ga-NOTA-MSA SUVs of the internal organs in the control and atherosclerotic rabbits are presented in Supplemental Table 1 and Supplemental Figure 4 . Compared with the control animals, the atherosclerotic animals showed higher 68 Ga-NOTA-MSA uptake in the aorta in the 68 Ga-NOTA-MSA PET images and higher 18 F-FDG uptake in the 18 F-FDG PET images (Figs. 4A and 4B; Supplemental Fig. 5 ). In the atherosclerotic aorta, the maximal SUVs of 68 Ga-NOTA-MSA were higher than those of 18 F-FDG (Figs. 5A and 5B), but the SUV ratio of the aorta to the inferior vena cava was not different between the 2 probes (abdominal aorta, P 5 0.432; thoracic aorta, P 5 0.368) ( Fig. 5C ; Supplemental Table 1 ).
DISCUSSION
In this study, we confirmed that MSA specifically binds to the MRs on macrophages and that 68 Ga-NOTA-MSA is a feasible molecular imaging PET probe for atherosclerotic lesions in rabbits. The SUVs of the aorta and the ratio of the SUV of the aorta to that of the inferior vena cava with 68 Ga-NOTA-MSA PET/CT imaging were higher in the atherosclerotic animals than in the control animals and were not different from those obtained with 18 F-FDG PET/CT imaging. These findings suggest that 68 Ga-NOTA-MSA could be a promising radiopharmaceutical agent for the detection and imaging of atherosclerosis by detecting the MR activity of macrophages in atherosclerotic plaques.
Currently, no atherosclerosis-specific targeting agent labeled with a positron emitter is available for clinical research. Rudd et al. imaged atherosclerotic plaques by assessing the 18 F-FDG uptake of macrophages based on the metabolic characteristics of the inflammatory cells (2) (3) (4) . On the basis of the results of these studies, the metabolic PET reporter agent 18 F-FDG is currently considered the standard agent for imaging atherosclerotic plaques. Additionally, Tawakol et al. quantified inflammation in the carotid plaques using in vivo 18 F-FDG PET imaging (5) .
However, the metabolic characteristics of 18 F-FDG are responsible for its limited usefulness for atherosclerotic imaging in patients with conditions related to abnormal glucose metabolism, such as diabetes (8) , and in organs that use glucose as the main source of energy, including the heart and brain (7, 8) . Therefore, the coronary and cerebral arterial segments are currently uninterpretable with 18 F-FDG (6), and these limitations of 18 F-FDG for imaging of atherosclerosis remain unresolved. A recent study reported PET imaging of atherosclerosis in rabbits with 18 F-FDM (9). However, atherosclerotic imaging with 18 F-FDM is not entirely specific to the MRs because mannose is a sugar monomer (C 6 H 12 O 6 ) of a small molecule, and the atherosclerotic lesions are labeled by means of enhanced uptake by activated macrophages via GLUTs and by the agent binding to macrophage MRs (9) . To overcome the limitations of 18 F-FDG and 18 F-FDM imposed by metabolic processes and to achieve atherosclerotic imaging that is more specific for MRs, we developed NOTA-MSA, a macromolecule that cannot be taken up by GLUTs but can rapidly bind to the MRs on macrophages (17) . In our ex vivo study, we confirmed that the use of an MR-blocking antibody inhibited the binding of MSA to the macrophages. The visualization of atherosclerotic lesions in the 68 Ga-NOTA-MSA PET images was persistent. Theoretically, in contrast to 18 F-FDG imaging, the assessment of atherosclerosis with 68 Ga-NOTA-MSA would be possible even in cases of aberrant glucose metabolism. These results indicate that MR-specific 68 Ga-NOTA-MSA could be used extensively for the detection of atherosclerosis, regardless of the patients' metabolic conditions.
Recently, reports indicate that radioisotopelabeled nanoparticles including core-free dextran nanoparticles allow macrophage detection in atherosclerotic plaques in PET imaging (23, 24) . Macrophages can change phenotype by varying the expression of receptors, depending on the stage of inflammation and the microenvironment of the inflammatory lesions (25) . M2-subtype macrophages express MRs related to homeostasis, angiogenesis, tissue repair, and fibrosis in the local inflammatory lesion (26) . Therefore, M2 macrophages might inhibit inflammation and prevent plaque rupture in atherosclerotic lesions (18) . However, the role of M2 macrophages in atherosclerosis has not yet been clarified. A recent quantitative evaluation of the macrophages in human plaques revealed a significantly higher density of M2 and MR-bearing macrophages in the high-risk plaques obtained from subjects who had experienced sudden cardiac death (9) . Given that MSA is a specific ligand of the MRs of macrophages (15), 68 Ga-NOTA-MSA-mediated imaging of atherosclerosis can be considered more specific for the pure, MR-bearing macrophages in the vulnerable atherosclerotic lesions, whereas the subtypes of the macrophages in atherosclerotic plaques could not be determined using PET imaging with dextran nanoparticles (23, 24) . In addition to plaque characterization, 68 Ga-NOTA-MSA might be able to detect atherosclerotic plaques even in the cerebral arteries, because the large size of the albumin molecule of MSA does not allow it to cross the blood-brain barrier.
It is difficult to understand how this macromolecule penetrates the arterial wall to result in adequate labeling of the atherosclerotic plaques for PET imaging. According to a small-animal PET biodistribution study performed after intravenous injection in normal mice, the accumulation of 68 Ga-NOTA-MSA in the organs of the reticular endothelial system, such as the liver, spleen, and bone marrow, remained almost constant from 10 min until 2 h after injection, at which point bladder uptake was observed (17) . Preinjection of MSA as a blocking agent resulted in decreased uptake of 68 Ga-NOTA-MSA in the liver and spleen, indicating specific uptake by MRs in these organs (17) . The rapid reticular endothelial system uptake of 68 Ga-NOTA-MSA would result in background clearance, enabling excellent contrast for macrophage imaging when its uptake occurs in the vascular compartment. MSA is not visible at the vascular tree, including the aorta, when injected intravenously in normal animals because of its large molecular size (17) . However, the permeability around the endothelia that has been damaged by vascular inflammation at the atherosclerotic plaques is high enough for albumin to diffuse into the vessel wall (27) . Further, we confirmed the persistence of 68 Ga-NOTA-MSA at the atherosclerotic aorta from 10 to 120 min after injection. This finding suggests that 68 Ga-NOTA-MSA diffuses into atherosclerotic plaques at an early point and that 68 Ga-NOTA-MSA binds to the MRs of atherosclerotic lesions.
In this study, we used the 68 Ga isotope for PET. 68 Ga is known to be a convenient and economical positron emitter (28, 29) . 68 Ga (b 1 emission, 89%; half-life, 67.6 min) is an emerging radioisotope for PET because of its wide availability with the easy-touse and economic 68 Ge/ 68 Ga generator (29) . In general, 18 F labeling requires a considerable preparation time before injection because of processes such as cyclotron operation, water and solvent evaporation, and radiolabeling for at least 1-2 h. However, 68 Ga labeling requires only 20 min of preparation time for the generator elution and radiolabeling steps (17) . Moreover, 68 Ga has the advantage of radiolabeling without the necessity of an expensive cyclotron (28, 29) , and 68 Galabeling kits to prepare 68 Ga-NOTA-MSA can be formulated to further simplify the labeling procedure (17) . Therefore, the use of 68 Ga-NOTA-MSA for atherosclerosis imaging shows promise for clinical applications.
CONCLUSION
Macrophage MR-specific 68 Ga-NOTA-MSA can detect atherosclerotic lesions and could be a promising PET agent for the molecular imaging of the atherosclerotic plaque burden.
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